INTRODUCTION
There are around 10,000 living species of birds, making them the most numerous tetrapod vertebrates. All modern birds are classified within the subclass Neornithes, which has two subdivisions: the Palaeognathae, containing mostly flightless birds, like ostriches, and the very diverse Neognathae, containing all other birds (Livezey and Zusi, 2007) . Columbiformes is one of the most easily recognized avian orders worldwide and is traditionally subdivided into two families, the Columbidae and the Raphidae (Pereira et al., 2007) . The Columbidae currently include over 300 species of pigeons and doves. The Rock pigeon (Columba livia), or Rock dove, is a member of the family Columbidae. This species includes the domestic pigeon, the feral pigeon, and the wild Rock pigeon. Wild Rock pigeons are pale grey, with two black bars on each wing; although domestic and feral pigeons are very variable in color and pattern. The Rock pigeon has a restricted natural resident range in western and southern Europe, north Africa, and south Asia. This species has been domesticated for several thousand years, giving rise to the domestic pigeon. Many domestic birds have escaped or have been released over the years, and have given rise to the feral pigeon. Feral pigeons are found in large numbers in cities and towns all over the world.
Genome-scale approaches have played an important role in the inference of evolutionary relationships among diverse organisms (Rokas et al., 2003) . Compared with the nuclear genome, the mitochondrial genome has several intrinsic characteristics (small genome size, fast substitution rate and maternal inheritance mode), which render the mitogenome as one of the most suitable markers for phylogenetic (Wang et al., 2008) and population genetics studies, such as analysis of gene flow, hybridization and introgression (Moore, 1995) .
Typical metazoan mitochondrial genomes are double-stranded circular molecules, ranging in size from approximately 15 to 20 kb and containing 37 genes: 13 protein-coding genes, 22 transfer RNA genes (tRNAs) and two ribosomal RNA genes (rRNAs) (Boore, 1999) . Additionally, one major control region is believed to control the initiation of replication and transcription of animal mitochondrial DNA (mtDNA) (Shadel and Clayton, 1997) . To date, nearly 110 complete mtDNA sequences are available for 28 avian species (Table 1) ; however, no complete mitochondrial sequence has been published for members of the order Columbiformes, except for one sequence deposited in GenBank (NC_013244). Here, we present the complete mitochondrial genome of the Rock pigeon, C. livia (Columbiformes: Columbidae) and give a thorough description of its genome features in comparison to other avian species.
X.Z. Kan et al.
MATERIAL AND METHODS

Sample collection and DNA extraction
An adult domestic male Rock pigeon was collected in Wuhu, Anhui Province, China. Total genomic DNA was extracted from the muscle tissue using standard phenol/chloroform methods (Sambrook and Russell, 2001 ).
PCR amplification and sequencing
Natural transfer of DNA from the mitochondria to the nucleus generates nuclear copies of mtDNA (NUMTs) and is an ongoing evolutionary process (Hazkani-Covo et al., 2010) . To minimize the possibility of obtaining NUMTs, two long overlapping fragments Table 1 . List of avian species examined in this study, classified according to Howard and Moore (2003 (Cooper et al., 2001) Unpublished data: a (~12 kb in length) were first amplified using the long and accurate-polymerase chain reaction (LA-PCR) kit (Takara, Dalian, China). The first LA-PCR primer set was LA16SF (5'-CCTACGTGATCTGAGTTCAGACCGGAGCAATCCAG-3') of Nishibori et al. (2001) and CytbR252 (5'-GATGCAGATGAAGAAGAATGAGGCGCCGTTTGC-3') designed based on the sequence of the cytochrome b gene (cob) from Cabot's tragopan. The second primer set was LACLMTF (5'-GAAGCATCATCTCCCACCTAGAATGAAAATTC-3') and LACLMTR (5'-CCCTCCACCAGCAGGATCAAAGAAGGTAGTGTT-3') based on certain sequences of C. livia using the above LA-PCR primer set ( Table 1 ). The LA-PCR was conducted at 94°C for 1 min, followed by 35 cycles consisting of 10 s denaturation at 98°C and 13 min annealing and extension at 68°C, with a final extension step of 10 min at 72°C, in a DNA thermal cycler TC-3000 (Techne, Barloworld Scientific Ltd., UK). The amplified fragments with a size of approximately 12 kb that were obtained were used as the templates for amplification of the short overlapping fragments (1.1-1.5 kb in length) with 15 primer sets ( Table 2 ). All 15 sets of primers were designed based on the conserved sequences of the known mitochondrial genome sequences in Galliformes or on the determined sequences of fragments of the mitogenome of C. livia in this study, which were aligned using CLUSTAL X v2.0.10 (Larkin et al., 2007 DNA polymerase (TaKaRa, Dalian, China). Amplification was conducted in a DNA thermal cycler TC-3000, as above. PCR cycles were as follows: one cycle of 4 min at 70°C, 4 cycles of 40 s at 94°C, 20 s at 52°C, and 2 min and 10 s at 72°C, followed by 36 cycles of 20 s at 94°C, 20 s at 50-55°C, and 2 min and 10 s at 72°C. The process was completed with a final extension step at 72°C for 10 min. The band with the right size was cut out and purified using an EZ Spin Column DNA Gel Extraction Kit (Bio Basic Inc.) and then cloned with pGEM ® -T Easy Vector System II (Promega). Internal primers were applied to fragments 5 and 15 (Table 2 ). All distinct clones were sequenced on an ABI-PRISM 3730 sequencer using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and the corresponding primer.
Gene identification and genome analyses
DNA sequences were analyzed using BioEdit 7.0.9.0 (Hall, 1999) and DAMBE 4.1.19 (Xia and Xie, 2001 ) softwares. Contig assembly was performed with the ContigExpress program (a component of Vector NTI Suite 6.0). The boundaries of protein-coding genes and rRNA genes were initially identified via DOGMA (Wyman et al., 2004) using the default setting, and refined by alignment with mitochondrial genomes of other avian species (Table  1) (Perna and Kocher, 1995) . Most tRNA genes were identified using tRNAscan-SE1.21 (Lowe and Eddy, 1997) under the 'cove only' search mode, with the vertebrate mitochondrial genetic code and 'mito/chloroplast' source. Some tRNA genes that were not found by the tRNA-SE1.21 were identified by proposed secondary structures and anti-codons (Shen et al., 2009) . A gene map of the mitochondrial genome of C. livia was initially generated with OGDRAW (Lohse et al., 2007) and then modified manually.
. Composition skewness was calculated according to the formulas (AT skew = [A -T] / [A + T]; GC skew = [G -C] / [G + C])
RESULTS AND DISCUSSION
Genome organization and base composition
The complete sequence of the mtDNA of C. livia is 17,229 bp in length ( Figure 1 and Table 3 ) and was deposited in GenBank with the accession No. (GU908131). The size of avian mtDNA ranges from 16,595 bp (Ninox novaeseelandiae) to 18,967 bp (Thalassarche melanophrys). Similar to the typical mitochondrial genomes of other vertebrates, the Rock pigeon mtDNA consists of 13 typical protein-coding genes, 22 tRNA genes, 2 rRNA genes (srRNA and lrRNA; small and large rRNA subunits, respectively) and one putative control region (Dloop) ( Table 3 ). As found in other vertebrates, most of these genes are coded on the H-strand, except for one protein-coding gene (nad6) ). The overall base composition of the H-strand is as follows: A (30.15%), T (23.98%), G (13.98%), C (31.90%); the A+T content of C. livia (54.13%) is similar to those of other birds (ranging from 52.46 to 57.56%, Table 4 ). As in most vertebrates, the overall base composition is skewed against guanine in the C. livia mitochondrial genome, which is due to a strong bias against the use of guanine at the third codon position (San Mauro et al., 2004) .
The nucleotide composition of the C. livia mitogenome is slightly biased toward A+T nucleotides (54.13%, Table 4), which is a higher percentage than that of P. azara (52.46%), P. rubricauda (52.75%), B. canadensis (52.78%), N. novaehollandiae (52.8%), R. americana (53.06%), C. ciconia (53.67%), and G. gallus (53.99%), but lower than in the other 22 avian species, ranging from 54.17 to 57.56%. Within 13 protein-coding genes in the C. livia mitochondrial genome, the A+T composition is the highest in the atp8 gene (55.95%), and the lowest in the cob gene (51.53%).
X.Z. Kan et al. The AT skew and GC skew were calculated for the complete mitogenomes of 30 avian species, representing 29 orders (Table 4 ). The AT skew for the C. livia mitochondrial genome is slightly positive (0.114), indicating the occurrence of more As than Ts. We found similar results in the other 29 avian species (0.068 to 0.180). In contrast, the GC skew in all 30 avian mitochondrial genomes was strongly negative (-0.346 to 0.438), meaning that there is a heavy bias toward Cs and against Gs. Furthermore, one extra nucleotide 'C' is present in nad3 of C. livia, which is consistently observed in many other birds and some turtles and is thought not to be translated (Slack et al., 2003) . The function of the extra "C" in nad3 and its phylogenetic implications are still unclear. 
Protein-coding genes
The total length of the 13 protein-coding genes in C. livia mtDNA is 11,388 bp, accounting for 66.1% of the complete mitochondrial genome (Table 4 ). The length of the 13 protein-coding genes found in avian species varies from 11,379 (Rhynochetos jubatus) to 11,412 bp (Branta canadensis). The 13 protein-coding genes found in the C. livia mtDNA are similar in length to most other avian species. The longest protein-coding gene of C. livia mtDNA is the nad5 gene (1815 bp), whereas the shortest is the atp8 gene (168 bp; Table 5 ).
Analysis of the base composition at each codon position of the concatenated 13 protein-coding genes of C. livia mitochondrial genome shows that each codon position has a different AT/GC bias ( Table 6 ). The first and third codon positions of C. livia are biased toward A and C, while the second codon positons are biased toward T and C. The AT composition at the first codon position is 49.1%. The values of the second and third codon positions are 58.5 and 52.5%, respectively (Table 6 ). As with most avian species (except for A. haastii, T. major and T. viridis), the second codon position has the highest AT composition (Table 6 ). The nad6 gene of C. livia mitogenome has strong skews of T vs A (-0.587), and G vs C (0.602), while the nad1 gene has a slight skew of T vs A (-0.016), and a strong skew of C vs G (0.452). All other 11 protein-coding genes of the C. livia mitochondrial genome have a slight skew of A vs T (0.005 to 0.151), and a strong skew of C vs G (GC skew = -0.328 to -0.757; There are four reading frame overlaps within the mitochondrial genome of C. livia (cox1 and tRNA Ser(UCN) share nine nucleotides; atp8 and atp6 share 10 nucleotides; nad4L and nad4 share seven nucleotides; atp6 and cox3 share one nucleotide). Other overlaps are shown in Table 3 .
Twelve genes (with the exception of nad6) of the 13 typical protein-coding genes (nad1-6 and 4L, cox1-3, atp6 and atp8, cob) are encoded on the heavy strand. All proteincoding genes initiate with ATG, except for cox1 and nad5, which begins with GTG. Five types of stop codons are used by the coding genes, including TAA for nad3, cox2, atp8, atp6, nad4L, and cob; AGA for nad1 and nad5; TAG for nad6; AGG for cox1, and incomplete stop codon Tor TA-for cox3, nad2 and nad4, respectively. The use of an incomplete stop codon T, a common mechanism for stopping protein translations, was also observed in other avian species.
The pattern of codon usage in the C. livia mtDNA was also studied (Table 7 ). There are 3785 codons for all the 13 protein-coding genes, after stop codons are excluded. The most frequently used amino acid was Leu (17.89%), followed by Thr (9.30%), Ala (7.67%), Ile (7.59%), and Ser (7.43%). 
Non-coding regions
The non-coding regions in the C. livia mitochondrial genome include a control region (D-loop) and a few spaces ( Based on the distribution of the variable nucleotide positions and differential frequencies of the nucleotides, the mitochondrial control region is divided into three domains (Brown et al., 1986; Saccone et al., 1991; Randi and Lucchini, 1998) . The nucleotide composition of the C. livia control region was A = 30.84, T = 27.40, C = 28.49, and G = 13.28% (Table 4) , with a bias against G, which is usual for the mtDNA sense strand of vertebrates (Wolstenholme, 1992) . Domain I (ETAS, extended termination-associated sequences) contains part A (nt 1-146 in Figure 2 ) and part B (nt 147-398 in Figure 2 ). In part A, ETAS1 and ETAS2 are found at positions 71-126 and 108-146 nt, respectively, and overlapped one another by 19 bp, with 63.3 and 58.7% similarity to the consensus mammalian ETAS1 and ETAS2, respectively (Sbisa et al., 1997) . In part B (nt 147-398), a CSB1-like block (5'-TAGAACTTAATGATACC TTAGACATA-3') has 63.0% similarity to the conserved sequence block (CSB1) in domain III (Figure 2 ). Four conserved sequence boxes in the central domain II (nt 399-897) were identified as boxes C, D, E, and F (Figure 2 ). In domain III (nt 898-1657), there is a poly (T) sequence (nt 1123-1131), which is located just a few nucleotides downstream from the putative CSB1 (nt 983-1007; Figure 2 ). Although the conserved blocks, such as ETAS1, ETAS2, CSB1, CSB1-like, and boxes C, D, E, and F, are readily identifiable in the C. livia control region, the typical origin of H-strand replication (O H ), CSB2 and CSB3 could not be detected (Walberg and Clayton, 1981) . The bidirectional light-and heavy-strand transcription promoters (LSP/HSP) (L' Abbé et al., 1991) are found in C. livia (Figure 2) . Furthermore, there are 27 tandem repeats (CAAA) at the end of the C. livia control region. 
Ribosomal and transfer RNA genes
The Rock pigeon mitochondrial genome has two rRNA subunits (srRNA and lrRNA), as in other vertebrates. The srRNA gene is located between tRNA Phe and tRNA Val genes, and the lrRNA gene is located between tRNA Val and tRNA Leu(UUR) genes. The lengths of srRNA and lrRNA are 973 and 1586 bp. The A+T content of the rRNA is 54.32%, which is within the range observed for other avian species (Table 4) .
Twenty-two tRNA genes were observed in the Rock pigeon mitochondrial genome. The tRNA genes are interspersed in the genome, ranging in size from 66 (tRNA Ser(AGY) ) to This is the first complete nucleotide sequence described for the mitochondrial genome of the Rock pigeon. We also detailed the genome organization and codon usage of C. livia mitochondrial DNA. These results provide basic information for phylogenetic analyses among the birds, and especially Columbiformes species.
